Non-Darcian flow has been well documented for fractured media, while the potential non-Darcian flow and its driven factors in field-scale discrete fracture networks (DFNs) remain obscure. This study conducts Monte Carlo simulations of water flow through DFNs to identify non-Darcian flow and non-Fickian pressure propagation in field-scale DFNs, by adjusting fracture density, matrix hydraulic conductivity, and the general hydraulic gradient. Numerical simulations and analyses show that interactions of the fracture architecture with the hydraulic gradient affect non-Darcian flow in DFNs, by generating and adjusting complex pathways for water. The fracture density affects significantly the propagation of hydraulic head/pressure in the DFN, likely due to fracture connectivity and flow channeling. The non-Darcian flow pattern may not be directly correlated to the non-Fickian pressure propagation process in the regional-scale DFNs, because they refer to different states of water flow and their controlling factors may not be the same. Findings of this study improve our understanding of the nature of flow in DFNs.
water increases linearly with the gradient of hydraulic head along a 3.5-m-long saturated column filled with homogeneous sand [1] . This fundamental law has been used to quantify various dynamics in natural media with different degrees of heterogeneity and scales for more than one century, such as disposal of radioactive waste, geothermal utilization by hot dry rock systems, oil and gas production from fractured reservoirs, and water production from fractured rock [2] [3]. However, subsurface fluid flow with non-Darcian characteristics, where the flow rate is nonlinearly related to the hydraulic gradient (also called "pressure drop"), has been detected in fractured media for decades, especially in the petroleum industry [4] which noted that quantifying these effects has proved difficult [5] . For example, non-Darcian flow has been observed in a variety of situations, such as a single confined vertical fracture toward a well [6] , catalytic packed-bed reactors [7] , and fractured rock [2] .
This study aims at exploring the potential for non-Darcy flow in field-scale discrete fracture networks (DFNs). Fluid flow transition from Darcian to non-Darcian has been confirmed and broadly studied in the case of a single rock fracture [8] , while such a transition in DFNs has not been fully studied. In addition, non-Darcy flow can occur over a broad spectrum of flow rates, including turbulent flow (for Reynolds number larger than 2000) and low rates in the initial regime (due to the competition between the interface friction and the pressure gradient). For example, previous studies found a nonlinear relationship between flow rate and pressure drop when either of these parameters becomes large [9] [10] . This study investigates the impact of flow velocity characteristics of subsurface flow through fracture networks on the evolution of non-Darcy dynamics. To address the above issues, we will conduct flow simulations involving DFNs with systematic changes in geometric characteristics and applied hydraulic gradient. The impacts of fracture density and matrix permeability are also studied.
We will also explore the possible impact of non-Darcy flow on the transient dynamics of water flow through DFNs, which has not been addressed in previous studies. Darcy or non-Darcy flow is usually defined using steady-state flows, where the asymptotic flow rate is used to build the relationship with the pressure drop. Water flow in natural aquifers is often transient, due to the change of input (such as short-term weather change) and/or output (i.e., pumping), and therefore the transient flow dynamics are practically important.
The rest of this work is organized as follows. Section 2 presents the Monte Carlo approach to simulation water flux and pressure propagation through multiple DFNs, which is one of the most efficient ways to investigate the im- 
Monte Carlo Simulation and Standard-Dispersion Equation

Random Discrete Fracture Network Generation
The two-dimensional DFN has a dimension of 50 m (discretized into 100 blocks) along the longitudinal direction (x axis) and 25 m (50 blocks) vertically (z axis).
Three scenarios of DFNs, with each containing 100 realizations of DFNs, are built, which have their own unique time-dependent seed based on the current system time to generate random fractures. Each fracture network is composed of two superimposed sets of fractures, which are orthogonal to each other (orientations are 0˚ and 90˚) as observed commonly in realistic DFNs [12] . The ensemble average of the 100 flow and pressure propagation simulations are calculated for each scenario. A similar geometry was used previously to study subdiffusive transport in fractured formations by Lu et al. [13] , where details about the DFN models, such as fracture locations, orientation, length, and hydraulic conductivities distributions can be found. We extend the work of Lu et al. [13] by investigating the relationship between pressure drop and flow rate, one of the fundamental problems in hydrologic sciences. We also test the influence of matrix hydraulic conductivity K, which increases from 1 × 10 
Modeling Groundwater Flow and Pressure Propagationin DFNs
Standard-Dispersion Equation to Quantify Pressure Propagation
Hydraulic head (or the propagation of the hydraulic pressure) is typically described by the well-known Boussinesq flow equation [16] , which can be written in the following standard-diffusion equation form with constant parameter:
where p(x, t) denotes the spatially and temporally varying pressure, and D represents the diffusion coefficient. Considering the initial condition: p(x, t = 0) = 0 and the constant-pressure boundary conditions (p(x = 0, t = 0) = p l for the inlet boundary), we obtain the following analytical solution for model (1):
where erf(·) represents the error function.
In the following two sections, we will model the pressure propagation using the SDE(1) to investigate the mechanism behind the propagation of the pressure (head).
Results of Monte Carlo Simulations
The ensemble average of steady-state water flux across the outlet (right) boundary for all 100 realizations is plotted in Figure 1 with the pre-assigned hydraulic gradient (J). Curves in Figure 1 show the best-fit linear trendline (black line) and Figure 4 shows the distribution of hydraulic head, and Figure 5 lists the probability density function (PDF) for the flux for grids at the outlet boundary.
Discussion
Fracture Density and Hydraulic Gradient Affect Non-Darcian Flow
The fracture density may affect Non-Darcian flow in field-scale fractured networks by generating complex flow paths for water, which can change with the magnitude of the general hydraulic gradient J. 
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The channeling of flow can also be found in Figure 5 . Grid-based flux differs significantly between DFNs and shows a broad distribution. The dense DFN has a positive skewness for the PDF (Figure 5(c) ), while the sparse DFN has a relatively negative skewness for the PDF (Figure 5(a) ), implying a stronger channeling effect for the sparse DFN (where the large flux is embedded in a smaller number of fractures).
Impact of Fracture Density on Non-Fickian Pressure Propagation
The sparse DFN exhibits stronger non-Fickian pressure propagation, especially at the early time, due to the following three reasons. First, the sparse DFN has a relatively small effective hydraulic conductivity, resulting in an overall slow motion for water. It therefore takes a longer time for the transient flux in the spare DFN to reach its asymptote, generating the transient flux with a delayed arriving limb at the early time (see Figure 2 and Figure 3) . Second, the inlet boundary of the sparse DFN has a lower probability of direct connection with the fracture than the dense DFN, and hence water must pass through the low-permeable rock matrix before reaching the preferential flow paths. Third, the sparse DFN has a stronger channeling impact, as mentioned above, and hence the major conduits consisting of the sparse and long fractures can transfer water (or pressure) quickly, when water reaches these water "conduits" (see Figure 4) . The transient flux can now increase quickly, as shown by the late-time symbols above m/s. The curve represents the best-fit probability distribution function. 4 .0x10 -7 6.0x10 -7 8.0x10 
Impact of Matrix Permeability on Transient Flow
Decrease of the rock matrix hydraulic conductivity tends to retard further the propagation of pressure for all DFNs tested in this study, implying that a larger 
Non-Darcian Flow versus Non-Fickian Pressure Propagation
We Third, the non-Darcian flow pattern needs not to be directly related to the non-Fickian pressure propagation process in field-scale DFNs, because they refer to different states of water flow and their controlling factors may not be exactly the same.
Conclusions
